1. Introduction {#s0005}
===============

The cyanobacterial NDH-1 complex (type-I NADH dehydrogenase) is a large, ca. 0.5 MDa, enzyme that reduces plastoquinone (PQ) and couples the released free energy to proton pumping across a biological membrane to drive active transport and synthesis of adenosine triphosphate (ATP) \[[@bb0005], [@bb0010], [@bb0015]\]. NDH-1 is structurally related to respiratory complex I (NADH:ubiquinone oxidoreductase), but unlike the latter, the cyanobacterial enzyme supports cyclic electron flow around photosystem I as well as inorganic carbon uptake via CO~2~ \[[@bb0020], [@bb0025], [@bb0030]\]. NDH-1 is also present in plants and algae that harbor the respiratory and photosynthetic machineries in their mitochondria and chloroplasts, respectively. Both energy conversion chains, however, co-exist in the thylakoid and cytoplasmic membranes of cyanobacteria, while the cyanobacterial NDH-1 has evolved distinct features to interact with both respiratory and photosynthetic enzymes \[[@bb0010],[@bb0015],[@bb0035]\]. Despite recent advances in structural \[[@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060], [@bb0065], [@bb0070]\] and mechanistic \[[@bb0075], [@bb0080], [@bb0085], [@bb0090], [@bb0095]\] understanding of the respiratory complex I, we still lack a detailed molecular and functional picture of the cyanobacterial NDH-1 complex.

Biochemical studies \[[@bb0100]\] suggest that NDH-1 is expressed in different isoforms. The NDH-1L and NDH-1L′ isoforms support respiration and cyclic electron flow, whereas NDH-1MS and NDH-1MS′ are involved in CO~2~ uptake. Moreover, the NDH-1L′ and NDH-1MS′ isoforms are constitutive, whereas the NDH-1L and NDH-1MS isoforms are expressed under low CO~2~ concentrations \[[@bb0105]\]. All NDH-1 isoforms contain a hydrophilic domain with subunits NdhI/J/K/H harboring three iron-sulfur (FeS) centers, N6a, N6b, and N2 \[[@bb0005]\]. However, in contrast to the respiratory complex I, which receives electrons from NADH via FMN across a ca. 100 Å-long chain of 8--9 FeS centers \[[@bb0110],[@bb0115]\], ferredoxin has been suggested to bind to subunit NdhS, and provide electrons directly to the N6a center \[[@bb0120]\]. Moreover, in contrast to complex I, which employs ubiquinone \[[@bb0125]\] or menaquinone \[[@bb0130]\], the NDH-1 complex operates with plastoquinone \[[@bb0010]\].

The proton pumping subunits of NDH-1 are located in the membrane domain of the enzyme, and comprise subunits NdhA, NdhC, NdhE, NdhG, in addition to NdhB, NdhD1 (D2), and NdhF1 in the NDH-1L (NDH-1L′) isoform (Table S1). Subunits NdhB, NdhD, and NdhF are homologous to the antiporter-like subunits Nqo14 (NuoN/ND2; *T. thermophilus*/*E. coli*/bovine numbering), Nqo13 (NuoM/ND4), and Nqo12 (NuoL/ND5), and are likely to provide key parts of the proton pumping machinery \[[@bb0005]\] (Table S1). Interestingly, the NDH-1MS and NDH-1MS′ variants express different terminal NdhD3 (NdhD4) and NdhF3 (NdhF4) subunits, which further bind to the CupA, CupB, and CupS subunits, responsible for the CO~2~ uptake and fixation \[[@bb0135]\].

To obtain structural insight into NDH-1, we derive here molecular models of two NDH-1 isoforms involved in redox-driven proton pumping (NDH-1L) and CO~2~-fixation (NDH-1MS) based on recently resolved experimental structures of complex I \[[@bb0040], [@bb0045], [@bb0050], [@bb0055]\]. In order to gain mechanistic insight of NDH-1, we study the dynamics of these enzymes in a biological lipid membrane-water environment using large-scale atomistic molecular dynamics (MD) simulations.

2. Methods {#s0010}
==========

2.1. Structural modeling {#s0015}
------------------------

The structure of the cyanobacterial NDH-1 complex was built by homology modeling, using Modeller 9.19 \[[@bb0140]\] based on the amino acid sequence of the *Synechocystis* sp. PCC 6803 NDH-1 (Table S6). Experimentally resolved structural templates were identified using the HHPred server ([https://toolkit.tuebingen.mpg.de/\#](https://toolkit.tuebingen.mpg.de/){#ir0005}) and compared to query sequences within the Protein Data Bank database. Complex I from *Thermus thermophilus* (PDB ID: [4HEA](pdb:4HEA){#ir0010}) \[[@bb0040]\]; *E. coli* (PDB ID: [3RKO](pdb:3RKO){#ir0015}) \[[@bb0050]\]; *Ovis aries* (PDB ID: [5LNK](pdb:5LNK){#ir0020}) \[[@bb0045]\], and *Bos taurus* (PDB ID: [5LC5](pdb:5LC5){#ir0025}) \[[@bb0055]\] were used as experimental templates for the NDH-1 models. The relative position, orientation, and subunit contacts of the different monomers in the NDH-1 model, were based on the *Thermus thermophilus* crystal structure of the complete respiratory complex I (PDB ID: [4HEA](pdb:4HEA){#ir0030}, [Fig. 1](#f0005){ref-type="fig"}). No well-conserved structural templates were found for NdhL/M/N/O/P/Q/S, and CupA/B (see Table S1), and were therefore not included in the structural models. Multiple sequence alignments were performed with Clustal Omega \[[@bb0145]\], and identified homology to complex I is shown in Table S1. The three FeS cofactors, N6a, N6b, and N2, as well as the PQ substrate were modeled based on previous work \[[@bb0080], [@bb0085], [@bb0090]\], and by using distance restrains between the Fe atom and the protein cysteine residues of the first coordination sphere. The PQ was built after the structural modeling in the PQ-cavity identified using HOLE \[[@bb0150]\], and relaxed as described below. The sequence conservation between NDH-1 and the respiratory complex I varies between ca. 30--50%, providing a good basis for the structural modeling (Tables S4, S5, Fig. S13). Regions with higher structural uncertainty are shown in Fig. S2 and structural validation analysis in Table S7 and Fig. S12.Fig. 1A) Molecular models of the cyanobacterial NDH-1 showing the NDH-1L isoform (left) and NDH-1MS isoform (right). Putative location of unresolved subunits, drawn as dotted areas \[[@bb0005],[@bb0010],[@bb0270]\]. B) Structure and function of NDH-1L. Electrons are transferred from ferredoxin (Fd) to plastoquinone (PQ) in the ca. 60 Å long hydrophilic domain, and the released free energy is employed for proton pumping across the ca. 200 Å membrane domain. Blue and red arrows show global twisting and bending motions extracted from principal component analysis of the MD trajectories. C) Structure of FeS centers, N6a, N6b, and N2, showing *edge-to-edge* distances between the clusters. D) The PQ binding site and its *edge-to-edge* distance to N2. The figure also shows an electrostatic wire connecting the PQ site to the NdhA subunit (in green) of the membrane domain.Fig. 1

2.2. Molecular dynamics simulations {#s0020}
-----------------------------------

The dynamics of the derived structural models were studied by atomistic molecular dynamics (MD) simulations. Hydrogen atoms were modeled by assuming standard protonation states, with the exception of residue His23~H~ in the PQ-binding site, which was modeled in its protonated state due to its ion-pair with Asp124~H~ (see above). The NDH-1L complex was embedded in a POPC lipid membrane, and solvated with TIP3P water molecules and 100 mM NaCl. The total system comprised ca. 600,000 atoms. MD simulations were performed at *T* = 310 K and *p* = 1 bar in an *NPT* ensemble using the CHARMM36 force field \[[@bb0155]\] and in-house parameters \[[@bb0080], [@bb0085], [@bb0090]\] derived based on density functional theory (DFT) calculations for PQ and the FeS centers. Long-range electrostatic interactions were described by the Particle Mesh Ewald (PME) method. The system was gradually relaxed with harmonic restraints of 1--10 kcal mol^−1^ Å^−1^ during the first 5 ns, followed by 10 ns equilibration without restraints. During the initial equilibration steps, the PQ was modeled in its reduced state (PQ^2−^), followed by modeling of the neutral PQ, that was employed for subsequent MD production steps. A time step of 1 fs was employed during the initial relaxation, whereas a 2 fs time step was used during the production run. MD simulations were performed with NAMD2 \[[@bb0160]\], and the trajectories were analyzed with VMD \[[@bb0165]\]. Principal component analysis (PCA) was performed on the MD trajectories using ProDy \[[@bb0170]\].

3. Results and discussion {#s0025}
=========================

3.1. Structure and dynamics of the hydrophilic domain {#s0030}
-----------------------------------------------------

The structural models of NDH-1 show a global architecture that closely resembles the respiratory complex I \[[@bb0040],[@bb0045],[@bb0055],[@bb0060]\] ([Fig. 1](#f0005){ref-type="fig"}A). The enzymes comprise a hydrophilic domain that harbors the FeS centers and a PQ binding site that are connected to a ca. 200 Å wide membrane domain. In molecular dynamics simulations, the hydrophilic and membrane domains undergo global twisting and bending motions, where the NdhA/K subunits act as a hinge ([Figs. 1](#f0005){ref-type="fig"}B, S1). We recently linked similar dynamical motions to the *active-to-deactive* (A/D)-transition in the mammalian enzyme \[[@bb0045],[@bb0055],[@bb0175]\], that strongly modulates the enzyme turnover (\[[@bb0180]\] and refs. therein). Although it is possible that similar conformational transitions could also regulate the activity of the cyanobacterial enzyme (cf. also \[[@bb0185]\]), recent structural studies suggest that the yeast complex I is rather rigid \[[@bb0190]\], and the motions coupled to the A/D transition might not be universally conserved amongst the complex I superfamily. The functional importance of the global motions observed in the MD simulations of the cyanobacterial NDH-1 complex therefore remains unclear.

The hydrophilic domain of the NDH-1 comprises subunits NdhH/I/J/K, NdhO, and NdhS that extend ca. 60 Å above the membrane plane ([Fig. 1](#f0005){ref-type="fig"}B), form the PQ-binding site, and harbor the three FeS cofactors, N6a, N6b, and N2 ([Fig. 1](#f0005){ref-type="fig"}C, D). NdhS is homologous to the Src homology 3 domain-like fold found in the ferredoxin-binding site of PSI \[[@bb0195],[@bb0200]\], and it may thus mediate binding of the electron donor ferredoxin to NDH-1 \[[@bb0010],[@bb0120],[@bb0205]\]. The NdhO subunit may stabilize NdhI and NdhK, and enhance cyclic electron transport activity under high light conditions \[[@bb0210]\]. The NdhS and NdhO, however, lack structural templates and could not be accurately modeled, why we expect some structural uncertainty in this region (Fig. S2).

The three FeS centers are separated by ca. 10 Å from each other and the terminal N2 center is located ca. 9 Å from the PQ headgroup. This suggests that the electron transfer across the FeS chain takes place on sub-microsecond timescales based on electron transfer theory, and by assuming generic electron transfer parameters \[[@bb0215]\] (Table S2). In respiratory complex I, the electrons are transferred, one at the time, from NADH to N2 on ca. 90 μs timescales \[[@bb0110],[@bb0220]\], whereas the electron transfer process in NDH-1 is likely to be kinetically limited by the diffusion of ferredoxin. This could provide a good starting point to trap the transient plastosemiquinone (PQ^−/^•) intermediate in NDH-1 in contrast to the respiratory complex I, where observation of such intermediate species has been challenging (\[[@bb0075],[@bb0225],[@bb0230]\] but cf. also \[[@bb0235]\]). The N6a center coordinates to Cys65~I~, Cys68~I~, Cys71~I~, and Cys115~I~ of NdhI, but we also identify an additional cysteine residue, Cys119~I~, in the vicinity of the cluster that is conserved in cyanobacteria and higher plants, but not present in the respiratory complex I (Fig. S3). Due to this structural vicinity, it is possible that Cys119~I~ could replace one of the other cysteine ligands of N6a. The N6b center binds to Cys75~I~, Cys105~I~, Cys108~I~, and Cys111~I~ of NdhI in the structural models, whereas the terminal N2 center is coordinated by a tandem cysteine motif, Cys62~K~-Cys63~K~, Cys127~K~, and Cys158~K~ to subunit NdhK. Interestingly, the N2 cluster lacks the residues homologous to Arg83~Nqo6~ and His169~Nqo4~ of the respiratory complex I (*Thermus thermophilus* numbering), which are replaced by Thr99~K~ and Asn155~H~ in NDH-1 ([Fig. 1](#f0005){ref-type="fig"}C). This is expected to downshift the redox potential of N2 in NDH-1 by up to ca. 200 mV based on continuum electrostatic calculations \[[@bb0090]\] and experiments \[[@bb0240]\], which places the N2 redox potential close to those of N6a and N6b, at around ca. −300 mV. Moreover, His169~Nqo4~ in the respiratory complex I accounts for the pH-dependence of the N2 cluster \[[@bb0240]\], and the N2 center is thus predicted to be pH-independent in NDH-1. The PQ-binding site is structurally similar to the respiratory complex I (see below), and PQ is therefore expected to have a low redox-potential of ca. −300 mV in its binding site \[[@bb0090],[@bb0225]\]. The redox potential of cyanobacterial ferredoxin is in the ca. −420 mV range \[[@bb0245]\], i.e., 100 mV lower than the electron donor NADH in complex I. This small redox drop from ferredoxin to N2 may thus help to drive the electrons to PQ, to stepwise reduce PQ via PQ^−/^• to plastoquinol (PQH~2~).

3.2. Structure, binding, and dynamics of plastoquinone {#s0035}
------------------------------------------------------

The PQ-cavity is located ca. 20 Å above the membrane plane, forming a tight ca. 40 Å long tunnel that is surrounded by both charged and non-polar residues ([Figs. 1](#f0005){ref-type="fig"}D, [2](#f0010){ref-type="fig"}, S4). This cavity forms around subunits NdhI, NdhK, NdhH, and NdhA, and ends near the N2 center at the NdhH/NdhK interface. The nine isoprenoid units completely fill the PQ-tunnel, with the last isoprenoid unit located at the tunnel opening (Fig. S4). The PQ-headgroup remains in contact with the conserved His23~H~ and Tyr72~H~ residues during the MD simulations of both the NDH-1L and NDH-1MS, and at ca. 9 Å *edge-to-edge* distance from the N2 cluster ([Fig. 2](#f0010){ref-type="fig"}A). The two conserved His23~H~ and Tyr72~H~ residues are likely to function as local proton donors in the reduction of PQ to PQH~2~ \[[@bb0085],[@bb0090]\]. Upon two-electron reduction and proton transfer from His23~H~ and Tyr72~H~, we find that PQH~2~ moves away from its primary binding site to a location ca. 10 Å from the Tyr72~H~ ([Fig. 2](#f0010){ref-type="fig"}B, see Table S3) \[[@bb0250]\].Fig. 2A) The PQ binding site in NDH-1L with PQ forming contacts to Tyr72~H~ and His23~H~. B) Formation of PQH~2~ by proton transfer from Tyr72~H~ and His23~H~, triggers dissociation of the His23~H~/Asp124~H~ ion-pair and leads to dissociation of the PQH~2~ (see text). C) PQ at a putative second binding site in the membrane domain forming contacts with Phe254~A~, Tyr258~A~, Tyr262~A~, Trp54~K~ and Arg85~K~. D) Distances between functional residues obtained from molecular dynamics simulations in the PQ (left, right panels) and PQH~2~ states (middle panel).Fig. 2

In the PQ state, His23~H~ forms a tight ion-pair with the conserved Asp124~H~, but the PQH~2~ formation weakens the His/Asp interaction, consistent with simulations on the respiratory complex I \[[@bb0085],[@bb0250]\]. A similar His-Asp dissociation has recently been linked with conformational changes in the Nqo8 subunit that resulted in large p*K*~a~-shifts \[[@bb0085]\]. We find that the His23~H~/Asp124~H~ dissociation in NDH-1 causes conformational changes in a conserved network of nearby charged residues ([Fig. 4](#f0020){ref-type="fig"}), that propagate to the buried glutamates in the NdhA subunit ([Fig. 3](#f0015){ref-type="fig"}), and could link to uptake of protons from the cytoplasmic side via water molecules observed in the MD simulations (see below, [Figs. 4](#f0020){ref-type="fig"}, S5). This region is particularly interesting as it forms a hotspot for human disease in the mitochondrial complex I \[[@bb0255],[@bb0260]\]. However, there is a structural uncertainty in the NdhA, which may bind to the unresolved NdhN/M/L subunits. Nevertheless, the similar electrostatic-conformational propagation processes in both NDH-1 and the respiratory complex I \[[@bb0085]\], suggests that the coupling between the electron and proton-transfer units follow overall similar mechanistic principles.Fig. 3The structure of the membrane domain of A) NDH-1L and B) NDH-1MS, showing an array of conserved buried polar/charged residues at the center of the membrane plane. The structure of NdhF3 contains several buried aromatic/hydrophobic residues. C) Hydration dynamics of proton channels in the NDH-1L isoform, showing the average water structure (in red) obtained during the MD simulations. The putative proton channels are marked with black arrows.Fig. 3Fig. 4Close-up of the proton channel in A) NdhF1, B) NdhD1, C) NdhB, and D) NdhA/C/G subunits of the NDH-1L model formed during MD simulations. E) Dynamics of the Glu/Lys ion-pairs within and between neighboring subunits in the NDH-1L (left) and NDH-1MS (right) models. For each subunit, it is schematically shown how opening of the Glu/Lys ion-pair triggers deprotonation of central lysine residue that pushes the proton horizontally via the terminal edge of the subunit (see text).Fig. 4

The NDH-1MS isoform shows overall a similar PQ-binding site, but in the MD simulations, His23~H~ also forms an ion-pair with Glu239~A~ that competes with Asp124~H~ (Fig. S6). Glu239~A~ is located in a glutamate-rich flexible loop, conserved in NDH-1, but it is not present in complex I (see Fig. S7). This region could have a functional role in NDH-1, as it forms contacts with flexible loops of the NdhC and NdhH subunits, and similar regions show structural changes during the A/D-transition in the mammalian complex I \[[@bb0175]\].

The plastoquinone tunnel bends at ca. 25 Å from the PQ-binding site at Tyr72~H~/His23~H~, where we observe several conserved aromatic and charged residues (Table S3). We recently identified a putative second quinone-binding site in this kink region of the bacterial enzyme \[[@bb0250]\]. In order to probe whether NDH-1 also holds an analogous binding site, we placed a PQ molecule close to this region and performed atomistic MD simulations. During the MD simulations, the PQ headgroup forms contacts with the Phe254~A~, Trp54~K~, and a cluster tyrosine residues Tyr258/262~A~, and Arg85~K,~ suggesting that the putative site is indeed conserved. Importantly, this site is located near conserved glutamates that undergo conformational and protonation changes upon PQH~2~ formation ([Fig. 2](#f0010){ref-type="fig"}B, see above). Motion of PQ/PQH~2~ to this second site has possible mechanistic consequences, as it brings the redox-carrier in the structural vicinity of the proton-pumping elements. Moreover, PQ has a redox potential of ca. +80 mV in membranes \[[@bb0265]\], suggesting that movement of PQH~2~ from its binding site near N2 (ca. −300 mV) towards this membrane-bound loading site couples to energy release, which the enzyme could employ to drive the proton pumping across the membrane. To this end, PQH~2~ (or PQH^−^, see \[[@bb0075],[@bb0090]\]) could push the protons taken up by NdhA towards the antiporter-like subunits, triggering a force propagation cascade across the membrane domain (see below, [Fig. 4](#f0020){ref-type="fig"}D).

3.3. The proton-pumping membrane domain {#s0040}
---------------------------------------

The membrane domain of NDH-1 forms a ca. 200 Å wide module that is clamped together by an 80 Å-long amphipathic HL-helix originating from the NdhF subunit. The membrane domain consists of three homologues antiporter-like subunits, NdhB, NdhD and NdhF, each of which comprise two five-helical bundle segments, TM4-8 and TM9-13, similar as in the respiratory complex I \[[@bb0040]\]. Moreover, NdhA also contains a highly tilted five-helix bundle segment, TM2-6, that is bridged by subunits NdhC/G/E to NdhB. As mentioned above, NdhA may form additional contacts with NdhL/M/N \[[@bb0270]\], but these subunits could not be accurately modeled due to lack of structural templates. Interestingly, NdhM resemblances the B13 subunit of the mammalian complex I \[[@bb0100]\] that was suggested to modulate global motions of complex I \[[@bb0175]\].

Buried proline and tryptophan residues in the trans-membrane (TM) helices 7 and 12 of NdhB/D/F and TM5 in NdhA induce formation of broken helix-elements (Table S3). These TM helices are dynamically more flexible than the other TM-helices in the MD simulation (Fig. S8), which further allow them to establish proton channels (see below) \[[@bb0080],[@bb0275]\]. Each of the antiporter-like subunits, NdhB/D/F in the NDH-1L isoform contain a Lys/Glu ion-pair in TM7 and TM5, respectively, a middle Lys in TM8, and bridging His (NdhD/F) or Gln (NdhB) in TM7, and a terminal Glu or Lys residue in TM12 ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). These residues establish the central proton pumping machinery in NDH-1 (see below), and provide thus good candidates for site-directed mutagenesis experiments (Table S3).

NDH-1L and NDH-1MS express different isoforms of the NdhD and NdhF subunits. In NDH-1L, NdhP and NdhQ, may additionally bind to the NdhF1/D1 and NdhD1/B interfaces, respectively, stabilizing the complex \[[@bb0280], [@bb0285], [@bb0290], [@bb0295]\]. Although these single TM subunits (Fig. S9) could not be accurately modeled, we note that they are likely to be located in positions that form putative lipid binding-sites in the respiratory complex I \[[@bb0070],[@bb0300],[@bb0305]\].

During the MD simulations of the NDH-1L isoform, we observe that water molecules spontaneously enter the antiporter-like subunits NdhB, NdhD1, NdhF1, and NdhA from the cytoplasmic side at conserved buried lysine residues (Lys353~F~/Lys254~D~/Lys258~B~), and provide conduits for protons via a Grotthuss-type mechanism to the buried protein interior, similar as in complex I \[[@bb0080],[@bb0310],[@bb0315]\]. The water molecules form hydrogen-bonded arrays via bridging histidine/glutamine residues (His349~F~/His345~F~; His311~D~; Gln316~B~) to terminal glutamate/lysine residues (Lys417~F~/Asp418~F~; Glu396~D~; Lys401~B~) that are connected to the luminal side of the membrane residues ([Fig. 3](#f0015){ref-type="fig"}, Table S3). The continuous hydrogen-bonded pathways are broken by a restriction site at conserved non-polar residues (Phe352~F~/Ile405~F~; Phe393~D~/Leu233~D~ Phe398~B~/Leu309~B~, Table S3), providing a possible gating element for the proton pumping machinery. Importantly, the observed proton channels form at symmetry-related locations, connected by a 180-degree rotation-translation symmetry, similar to the bacterial enzyme \[[@bb0080]\]. This strongly suggests that the proton channels are established at evolutionary conserved locations in complex I-like enzymes.

We also observe spontaneous hydration of NdhA from the cytoplasmic side to the buried glutamate quartet, comprising residues Glu236~A~, Glu226~A~, Glu173~A~, and Asp73~C~. The water arrays are further connected to the conserved Tyr66~G~, a residue that was observed to undergo conformational changes in a recently resolved structure of mammalian complex I \[[@bb0070]\]. This proton channel connects to the luminal side at the NdhE/B interface via Tyr66~G~, Glu75~G~, and Asp73~G~ ([Fig. 4](#f0020){ref-type="fig"}, see Table S3).

Each of the central lysine residues in the antiporter-like subunits are electrostatically wired to a conserved Glu/Lys ion-pair within the same subunit ([Fig. 4](#f0020){ref-type="fig"}). When this ion-pair is closed, the central lysine prefers a protonated state, which in turn favors hydration from the cytoplasmic side of the membrane \[[@bb0080],[@bb0275]\]. In the MD simulations of the NDH1-1L/1MS models, the Glu/Lys ion-pair also form contacts with terminal residues of the neighboring subunits, which lowers the p*K*~a~ of the middle Lys due to electrostatic repulsion, and pushes the proton further towards to the terminal glutamate/lysine residues in TM12. Deprotonation of the middle lysine induces closing of the cytoplasmic channel due to the weaker electric field originating from the neutral residue. Accumulation of positive charge at the terminal edge of TM12 further induces opening of the next Glu/Lys ion pair of the neighboring subunit, which in turn mediates the electrostatic signal propagation across the complete membrane domain \[[@bb0075]\]. Our simulations suggest that the proton channels in NdhA/C are strongly coupled with plastoquinone-chemistry and dynamics, and further to the first Glu/Lys ion pair in NdhB, inducing its opening. The 80 Å-long HL-helix secures the electrostatic coupling between subunits remains strong by clamping the antiporter-like subunits together.

We also observe hydration of the putative proton channels in the NdhD3, NdhB, and NdhA/C subunits during MD simulations of the NDH-1MS isoform at locations similar to those in the NDH-1L isoform (Fig. S10). However, we do not observe clear proton output channels in the NdhA/C and NdhB subunits, possibly due to different conformation of the conserved Glu/Lys ion pairs ([Fig. 4](#f0020){ref-type="fig"}E) that are also likely to control the hydration dynamics \[[@bb0075]\]. Interestingly, the central polar/charged residues that form the proton channel in NdhF1 subunit are replaced by aromatic/aliphatic hydrophobic residues in the corresponding NdhF3 subunit in NDH-1MS (see [Fig. 3](#f0015){ref-type="fig"}A, B). During the simulations, we observe stable buried channels in NdhF3 that could function as pathways for CO~2~ to diffuse from the luminal side into the CupA/S subunits, or for the protons released in the hydration reaction to diffuse to the luminal side. Based on the sequence, CupA (CupB in NDH-1MS′) has a carbonic-anhydrase activity that catalyzes the conversion of CO~2~ into bicarbonate (HCO~3~^−^) (Fig. S11) \[[@bb0320]\]. This ca. 430-residue subunit lacks structural templates, and binds to the smaller 130-residue CupS subunit that mediates NdhF/D-binding \[[@bb0325]\]. Our structural model of NdhF3 also contains a Glu/Lys ion-pair that is electrostatically coupled with the proton pumping machinery of the D3 subunit. It thus remains possible that this putative channel could open by a protonation signal that propagates across the membrane domain. The CupA/S-catalyzed hydration of CO~2~ to HCO~3~^−^, releases protons at the cytoplasmic side that could be pumped across the membrane, and contribute to the formation of proton motive force (*pmf*). This process is expected to be thermodynamically driven by PQ reduction to PQH~2~ as in the NDH-1L isoform.

4. Conclusions {#s0045}
==============

We have presented here a structural model of two isoforms of the cyanobacterial NDH-1 complex that were derived based on experimentally resolved structures of the bacterial and mammalian respiratory complex I. The structural models of NDH-1 show a similar global architecture and conserved dynamics to the bacterial and mammalian respiratory enzymes. We identified how PQ binds near the N2 cluster and triggers coupled conformational and electrostatic transitions in the membrane domain upon formation of plastoquinol. We also identified a second transient PQ-binding site near the membrane domain that was suggested to couple with the proton pumping function. The NDH-1L isoform, which is involved in respiration and cyclic electron flow, shows formation of four putative proton channels at symmetry related locations. The structural architecture and dynamics support that protonation changes are controlled by flipping of conserved Glu/Lys ion-pairs that push the proton towards the terminal ends of the antiporter-like subunits, and propagate across the complete membrane domain. Our models suggest that the terminal subunit of the NDH-1MS complex lacks proton channels, but comprises residues that could form a gas channel for the CO~2~-fixation process. Our work provides input for experimental validation of functional elements in NDH-1 and predicts that the core structural and functional features of NDH-1 resemble those of that have recently been derived for the respiratory complex I-family.
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